The detection of local and dynamic concentration changes of various bioactive substances in the mammalian central nervous system (CNS) is important for understanding the physiological function of excitatory synaptic transmission and metabolism. Many methods have been developed for the in vivo and in vitro detection of bioactive substances in biological fluids, including in vivo voltammetry, 1-3 patch-clamp biosensors, 4-7 microdialysis (MD) combined with various analytical methods 8 and ionselective microelectrode methods. 9 These methods have been widely used for detecting neurotransmitters, second messengers and other bioactive substances that play a key role in neuronal signal transmission.
Introduction
The detection of local and dynamic concentration changes of various bioactive substances in the mammalian central nervous system (CNS) is important for understanding the physiological function of excitatory synaptic transmission and metabolism. Many methods have been developed for the in vivo and in vitro detection of bioactive substances in biological fluids, including in vivo voltammetry, 1-3 patch-clamp biosensors, 4-7 microdialysis (MD) combined with various analytical methods 8 and ionselective microelectrode methods. 9 These methods have been widely used for detecting neurotransmitters, second messengers and other bioactive substances that play a key role in neuronal signal transmission.
L-Glutamate is an excitatory neurotransmitter, and its release is thought to play a crucial role in brain development, synaptic plasticity, memory formation and neurotoxicity. 10 Various enzyme-based sensors for the continuous monitoring of Lglutamate in biological fluids have been reported using either Lglutamate oxidase (GluOx) [11] [12] [13] [14] [15] [16] or L-glutamate dehydrogenase. 17, 18 On the other hand, MD sampling combined with built-in enzyme electrodes, i.e., dialysis electrodes, [19] [20] [21] and on-line enzyme sensors combined with MD [22] [23] [24] have also been used for the in vivo and in vitro monitoring of L-glutamate. The size of MD probes is typically 200 -500 µm in diameter, 25 which is much larger than the electrodes for direct measurements, and the time resolution is on the order of minutes. In addition, the recovery of MD sampling is usually low because released L-glutamate is diluted by a perfusion solution. Niwa et al. used a glass capillary, instead of an MD probe, for sampling L-glutamate in a suction mode, followed by flow-through detection at a GluOx/Os-gel-HRP modified electrode. 26 On-line approaches using liquid chromatography, flow injection analysis and capillary electrophoresis in combination with MD probes have also been reported. 8 Improvements of the spatial dissolution of L-glutamate measurements by miniaturizing the size of sampling probe and/or that of enzyme-based electrodes are important, because the neuronal activity that releases and metabolizes L-glutamate is a very fast event, 10 and hence the concentration of Lglutamate detected at a sensing probe depends on the location and distance of the probe from the neurons. For the purpose of miniaturizing the size of the sensing probes, pulled glass capillaries 27, 28 have a unique feature: the tip diameters range from submicro-to several µm, and the glass surface has an affinity to lipids and biocompatibility.
In the present paper, we describe a new glass capillary microelectrode (tip diameter, ∼12 µm) based on capillarity for measuring L-glutamate. The inner solution provides a reservoir for enzymes, i.e., L-glutamate oxidase and L-ascorbate oxidase, and a built-in three-electrode system. The tip of the capillary electrode is open, and hence the capillary action samples Lglutamate into the inner solution across the open tip. The enzyme reaction within the electrode generates electroactive hydrogen peroxide, which is detected at an underlying Os-gel-HRP modified Pt electrode. Owing to its very small tip size, the capillary electrode enables the detection of L-glutamate released from different neuronal sites based on the sampling of a small volume (hundreds nl) of biological fluids. The fundamental behavior of the glass capillary electrode is characterized in terms of the capillarity, response time, sensitivity and selectivity. The electrode is applied to measurements of an increase in the L-glutamate concentration in the extracellular fluids of mouse hippocampal slices under the stimulation of KCl.
Experimental

Materials
L-Glutamate oxidase (GluOx) from streptomyces sp. X-119-6 (6.3 U/mg powder) was obtained from Yamasa Shoyu (Choshi, Japan) and ascorbate oxidase (from cucurbita sp., 210 U/mg powder) was from Wako Pure Chemicals Co. (Osaka, Japan). An osmium poly(vinylpyridine) redox polymer mediator solution containing horseradish peroxidase (Os-gel-HRP) was obtained from Bioanalytical Systems Inc. (BAS, West Lafayette, IN). Bovine serum albumin (BSA) was purchased from Sigma Chemical Co. (St. Louis, MO). L-Glutamic acid, γ-aminobutyric acid (GABA), L-aspartic acid, glycine, dopamine hydrochloride, serotonin (5-hydroxytryptamine), L-ascorbic acid and 10% (w/v) glutaraldehyde solution were obtained from Wako Pure Chemicals Co. Piperazine-1,4-bis(2-ethanesulfonic acid) (HEPES) was from Dojindo Laboratories (Kumamoto, Japan). All other chemicals used were all of analytical reagent grade. Milli-Q water (Millipore reagent water system, Bedford, MA) was used throughout the experiments.
Apparatus
Amperometric measurements were performed with a computer-controlled electroanalytical system (Cypress Model CS-1090 (Cypress Systems, KA)) with glass capillary electrodes (described below). All measurements were carried out at room temperature. Bright-field photomicrographs of brain slices were taken with a microscope (BH-2, Olympus, Tokyo, Japan) using 5× objective and 2.5× photographing lenses in combination with a camera (Olympus C-35-AD4).
Preparation of capillary electrodes
Borosilicate glass capillaries (outer diameter 1.5 mm and inner diameter 0.86 mm, Harvard Apparatus Ltd., Kent, England) used for electrode preparation were stored over silica gel in desiccators. Capillary pipets having inner tip diameters of 2 -15 µm were made using a three-pull technique with a Sutter micropipette puller Model P-97 (Sutter Instrument Co., Novato, CA). The tip diameter was measured under a microscope (TMS, Nikon, Tokyo, Japan). The glass pipet was filled with an aliquot (∼2 µl) of a 0.15 M KCl solution containing 0.10 M KH2PO4/NaOH buffer (pH 7.0) (abbreviated as phosphate solution), GluOx (163 U/ml) and ascorbate oxidase (2 × 10 3 U/ml) by dipping the tip of the pipet in an enzyme solution, and then backfilling with a disposable microsyringe. A platinum wire electrode (φ0.2 mm, Nilaco Co., Tokyo, Japan) coated with Os-gel-HRP was the underlying electrode. Painting manicure enamel electrically insulated the platinum wire, except for both ends. The electrode area was determined to be typically 0.53 mm 2 by chronoamperometry with 4.0 mM [Fe(CN)6] 4-in 0.10 M KCl. A Teflon-coated Pt wire (φ0.127 mm, Nilaco Co., Tokyo, Japan) as a counter electrode was prepared by pealing off the Teflon coating on the top (∼2 mm) of the Pt wire with a cutter. A Teflon-coated Ag/AgCl wire (φ0.127 mm) electrode served as a reference electrode. The underlying (working) electrode, counter and reference electrodes were set in the capillary pipet (Fig. 1) . The distance between the tip of the glass pipet and the underlying electrode was usually ∼5 mm, as observed under a microscope (BX50, Olympus, Tokyo, Japan).
The Os-gel-HRP coated Pt electrode was prepared as follows: CF1075 ENZ enzyme surfactant and peroxidase redox polymer solutions were mixed in a volume ratio of 1:5. A 1.5 µl portion of the solution was cast on a Pt electrode (φ0.2 mm) repeatedly and air-dried. The surface of the Os-gel-HRP was then covered with a bovine serum albumin (BSA) film by casting a mixture of 2% BSA and 0.2% glutaraldehyde (1.5 µl). The electrode was stored in air at room temperature until use.
Amperometric measurements of a standard L-glutamate solution
The experimental setup used for measuring a standard Lglutamate solution is schematically shown in Fig. 2a . A small aliquot (usually 40 µl) of a 0.15 M KCl solution containing 0.10 M KH2PO4/NaOH (pH 7.0) and 1.0 nM -150 µM L-glutamate was placed as a droplet on a polystyrene dish. The tip of the capillary electrode was dipped into the solution. The operation potential was 0 V vs. Ag/AgCl. The currents were measured 2 min after dipping. To prepare a calibration curve for Lglutamate, newly prepared capillary electrodes were used for each concentration. The capillary electrode operated even in air because of the built-in three-electrode system.
When the tip diameter was smaller than 3 µm, no responses to L-glutamate were induced. On the other hand, for a diameter of 15 µm, the rise of the solution was large, but the magnitude of the response became small, owing to dilution of the enzyme solution caused by an increase in the volume of the inner solution. Hence, the tip diameter was fixed at 12.5 µm, which can be reproducibly prepared by the above-described procedure.
Preparation of mouse brain slices
Adult male ddY mice were decapitated under ether anesthesia. Coronal slices (thickness 300 µm) were cut using a Dosaka DTK-1000 microslicer (Kyoto, Japan) on an ice bath. The slices were incubated for 1 h in a recovery solution at 30 -32˚C and held at room temperature until use. The recovery solution contained 124 mM NaCl, 1.5 mM KCl, 26 mM NaHCO3, 1.24 mM KH2PO4, 2.4 mM CaCl2 and 10 mM D-glucose, which was saturated with a 95% O2-5% CO2 gas mixture. The slice was transferred in a chamber set on a stage of a microscope (BH-2, Olympus, Tokyo, Japan) equipped with a manipulator NMN-25 (Narishige, Tokyo, Japan). The slice was bathed in a solution containing 162 mM NaCl, 1.9 mM CaCl2, 2.6 mM KCl, 5.2 mM HEPES/NaOH (pH 7.2) and 0.14 mM sucrose (bath solution), and bubbled with a 95% O2-5% CO2 gas mixture before use.
Procedure for in situ calibration
The brain slices were transferred into a chamber filled with a bath solution (400 µl). A glass capillary electrode (φ12.5 µm) with an Os-gel-HRP coated Pt was positioned above the Cornu Ammonis 1 (CA1) region of the hippocampus. The electrode was operated at an applied potential of 0 V vs. Ag/AgCl. After 2 min, a small portion (2.0 -6.0 µl) of an L-glutamate solution was injected to the bath solution to produce a given concentration. The currents were measured at 2 min after injection of the L-glutamate solution. The same procedure was repeated for different concentrations of L-glutamate with newly prepared capillary electrodes, but the underlying electrode was the same. The choice of the CA1 region for an in situ calibration is rationalized based on our finding that the release of L-glutamate from this region is slow compared with the CA3 and DG regions.
Measurements of KCl-stimulated L-glutamate release
The brain slices were transferred into a superfusate chamber filled with a bath solution and positioned under an upright microscope (Fig. 2b) . A glass capillary electrode (φ12.5 µm) was positioned ∼63 µm above the dentate gyrus (DG), Cornu Ammonis 1 (CA1) or CA3 region of the hippocampus with a manipulator. The electrode was operated at a potential of 0 V vs. Ag/AgCl. Substituting the solution in chamber for a bath solution containing 0.20 M KCl stimulated the slice. The KCl stimulation was initiated 2 min after dipping the electrode in the bath solution. The currents were measured 2 min after stimulation for the quantification of L-glutamate. The location of the electrode tip in the slice was determined by taking photographs. The distance of the electrode from the slice surface was determined as follows: the tip of the electrode was placed once on the surface of a slice, and then raised upward and fixed at a given height with a manipulator. The scale of a micromanipulator measured the height.
Results and Discussion
Sampling of an analyte based on capillarity
The capillary electrode operates only if L-glutamate is sampled by capillary action. First, the capillary action of pulled glass capillaries was tested with a phosphate solution. Figure 3a shows the weight of the solution in the capillary as a function of its tip diameter when the tips of capillaries were dipped in a phosphate solution for 2 min. With a tip diameter of 2.5 µm, a rise of the solution by the capillarity was not observed. At tip diameters ranging from 5.0 to 15 µm, the weight of solution in the capillary increased with an increase in the dip diameter. When capillaries having a tip diameter of 10 µm were dipped in the buffer solution for a given period, the weight of the solution in the capillary increased linearly with the dipping time up to 20 min (Fig. 3b) . The slow rise of the solution was due to the conical tip of the capillary, which decelerated the movement of the solution. Thus, pulled glass capillaries exhibit different magnitudes of capillarity, depending on the tip size and the dipping time. Importantly, when the same capillary was repeatedly dipped in the buffer solution for 2 min, the weight of the solution in the capillary increased almost linearly with the number of repetitions, i.e., an increase in the dipping time, as shown in Fig. 3c (∼400 nl) of the solution rises in the capillary (tip diameter, 10 µm) within the given dip period (2 min), regardless of the volume of solution initially present in the capillary. This phenomenon is important for a capillary electrode with an inner solution to operate as a sensor for quantifying L-glutamate.
A sampling technique based on capillarity will be advantageous for measurements of L-glutamate in brain slices, because extracellular fluids are not greatly perturbed by the sampling of a very small aliquot of the fluid. The results obtained as mentioned above demonstrate that the volume of the solution which rose in a capillary having a tip diameter of 10 µm was 400 nl for 2 min sampling, which is much smaller than those (several tens microliters) of MD sampling 24, 25 and capillary sampling in a suction mode, 26 where the time resolution is on the order of minutes. Consequently, sampling by capillarity will perturb the extracellular fluid less.
Response behavior of capillary electrodes to L-glutamate
The performance of the capillary electrode was tested with a standard L-glutamate solution. L-Glutamate as an analyte is sampled by capillary action and subjected to an enzyme reaction, generating electroactive hydrogen peroxide, 29 according to L-glutamate + O2 + H2O → α-ketoglutarate + NH3 + H2O2.
The thus-generated hydrogen peroxide is detected at an underlying Os-gel-HRP-coated Pt electrode. 30 Figure 4 shows the amperometric responses of the capillary electrodes (tip diameter 12.5 µm) to different concentrations of L-glutamate. The current response due to a mediated reduction of hydrogen peroxide at an operation potential of 0 V vs. Ag/AgCl appeared 20 s after dipping the electrode into a 100 µM L-glutamate solution, and reached at a steady current after 110 s (curve b). The attainment of a steady current for 150 µM L-glutamate required longer than 200 s (curve c). Such changes in the current were not observed for a solution containing no Lglutamate (curve a). The attainment of a steady current for 100 µM L-glutamate suggests that the increase in the concentration of L-glutamate sampled by the capillary in the inner solution of the electrode was counterbalanced to the electrochemical consumption of hydrogen peroxide; the calculated consumption (1.8 × 10 -11 mol) of H2O2 for 2 min at the steady current was close to an increase in the amount (4.0 × 10 -11 mol) of Lglutamate for 2 min, estimated from the result in Fig. 3b .
The concentration dependence of the capillary electrode (tip diameter of 12.5 µm) for L-glutamate is shown in Fig. 5 . In this measurement, newly prepared capillary electrodes were used for each L-glutamate concentration, and the currents were measured at a given time, in the present case 2 min after dipping the electrodes in the L-glutamate solution. Hence, the volume of the L-glutamate solution sampled by the capillarity was constant for all cases. The thus-obtained current increased linearly with the concentration of L-glutamate from 10 to 150 µM (Fig. 5) . Repeated measurements gave identical results, showing the reproducibility of the present approach. Thus, the capillary electrode based on the sampling of L-glutamate by capillarity works as a sensor for L-glutamate, as long as the sampling volume is kept constant, i.e., the magnitude of the current is measured at a given time after dipping the electrode in the solution, rather than at a steady current.
Selectivity
The capillary electrode has an inner solution in which various enzymes can be dissolved. The interference from ascorbic acid, one of the major components in the brain, was removed by adding ascorbate oxidase to the inner solution. The enzyme catalyzes the oxidation of L-ascorbate to 2-dehydroascorbate 31, 32 according to
The pH range (pH 5.6 -7.0) for the catalytic action of ascorbate oxidase 31, 32 is very close to that (pH 5.5 -10.5) of GluOx, 29 and hence both enzymes are active at pH 7.0. When the capillary electrode was used without ascorbate oxidase, the oxidation of ascorbate (Fig. 6) , which was larger than its typical concentration (100 -500 mM) in brain. 33, 34 No responses to dopamine (100 µM), serotonin (100 µM) and glutamine (200 µM) were observed. In addition, GABA, aspartic acid and glycine (each 100 µM) exhibited no responses (data not shown). Thus, the present electrode is highly selective to L-glutamate.
In situ calibration
For applying the present electrode to the detection of Lglutamate released in brain slices, we need to consider the presence of various biomolecules, like proteins in extracellular fluids, which may be adsorbed on the inner wall of the glass capillary. Figure 7 shows an in situ calibration curve for Lglutamate, which was prepared by injecting L-glutamate to the hippocampal slice. The currents increased linearly with the concentration of L-glutamate in the range from 10 to 150 µM, which is comparable to that for in vitro calibration (Fig. 5) . Therefore, the presence of various biomolecules in a brain slice does not affect the dynamic range, and the range matches the reported concentration (several tens µM) of L-glutamate in the brain. 11 It is noted that although newly prepared capillaries were used for each measurement, the variation in the currents for each concentration was small, as indicated by the error bar in Fig. 7 .
Detection of L-glutamate release in mouse hippocampal slices
The amperometric response of the capillary electrode located 63 µm above DG under the stimulation of 0.20 M KCl is shown in Fig. 8 . A change in the current started 30 s after the KCl stimulation, and the current reached a steady current, followed by a gradual change in the current. Without KCl stimulation, no noticeable changes in the current were observed until at least 5 min after positioning the electrode at 63 µm above the DG (data not shown). These results demonstrate that the electrode detected the KCl-stimulated release of L-glutamate from the DG region. The L-glutamate released 2 min after KCl stimulation corresponded to 30 ± 2 µM (n = 3) based on an in situ calibration. The response of the electrode was based on the sampling of ∼600 nl of the extracellular fluid (estimated from Fig. 3b) . Since the concentration of L-glutamate sampled for 2 min is averaged in the capillary, the present electrode detects an averaged concentration of L-glutamate released during 2-min of stimulation.
Owing to the averaging effect, continuous monitoring of L-glutamate release with the present electrode is not feasible. Hu et al. 11 showed that their Ir/Pt electrode (φ < 250 µm) modified with GluOx and ascorbate oxidase, located in the DG of the anesthetized rat hippocampus, detected 60.5 ± 9. distance of the electrode from nerve cells and/or the area of the DG region targeted for the measurements were different from Hu's case. In addition, with the capillary electrode, a transient increase or decrease in the L-glutamate concentration is averaged during sampling for 2 min, which may lead to a lower concentration than the instantaneous concentration.
Similarly, the KCl-stimulated release of L-glutamate from the CA1 and CA3 regions was measured.
An increase in extracellular glutamate 2 min after stimulation for CA3 was 25 ± 9 µM (n = 3), which was comparable to that for DG. On the other hand, an increase in L-glutamate release from CA1 was not observed for up to 4 min, although the sensor detected an increase in L-glutamate release after 5 min. This suggests that the release of L-glutamate from CA1 is slower than those from DG and CA3. Thus, the KCl-evoked L-glutamate release increased in the order of DG ≈ CA3 > CA1, as far as the early stage of the KCl-stimulated glutamate release is concerned. These results indicate that the present electrode is useful for detecting the local concentration of L-glutamate at various neuronal sites.
Conclusion
The capillary electrode based on the sampling of an analyte by capillarity provides a useful method for measuring the Lglutamate concentration in the extracellular fluid of the brain. Because of its very small tip size, the electrode enables the detection of an increase in the L-glutamate concentration at a confined, small region of hippocampal slices. Although continuous monitoring of changes in the L-glutamate release was not feasible, the electrode with high spatial resolution made it possible to measure the local concentration of L-glutamate associated with L-glutamate neurotransmission in confined regions of the central nervous system.
